The prevailing view is that recreational methamphetamine use causes a broad range of severe cognitive deficits, despite the fact that concerns have been raised about interpretations drawn from the published literature. This article addresses an important gap in our knowledge by providing a critical review of findings from recent research investigating the impact of recreational methamphetamine use on human cognition. Included in the discussion are findings from studies that have assessed the acute and long-term effects of methamphetamine on several domains of cognition, including visuospatial perception, attention, inhibition, working memory, long-term memory, and learning. In addition, relevant neuroimaging data are reviewed in an effort to better understand neural mechanisms underlying methamphetamine-related effects on cognitive functioning. In general, the data on acute effects show that methamphetamine improves cognitive performance in selected domains, that is, visuospatial perception, attention, and inhibition. Regarding long-term effects on cognitive performance and brain-imaging measures, statistically significant differences between methamphetamine users and control participants have been observed on a minority of measures. More importantly, however, the clinical significance of these findings may be limited because cognitive functioning overwhelmingly falls within the normal range when compared against normative data. In spite of these observations, there seems to be a propensity to interpret any cognitive and/or brain difference(s) as a clinically significant abnormality. The implications of this situation are multiple, with consequences for scientific research, substance-abuse treatment, and public policy.
INTRODUCTION
Amphetamine is a class of compounds that includes drugs used for both medical and recreational purposes. Of this class, d-amphetamine and methamphetamine are approved in several countries to treat a variety of disorders, including attention-deficit hyperactive disorder (ADHD), narcolepsy, and obesity. Over the past two decades, however, excessive illicit amphetamine use has become a major global concern. According to data from the United Nations Office on Drugs and Crime in 2008, amphetamine is used at rates higher than cocaine and heroin combined, and while use has stabilized somewhat in European, North American, and African countries, amphetamine is becoming increasingly popular in South and Central America and in the Near and Middle East (2008 Global ATS Assessment) . Amphetamine use continues to be most prevalent in Oceania, North America, and East and Southeast Asia, where approximately 1-2% of the respective adult populations report annual use (2008 Global ATS Assessment) . Like other illicit drug use, amphetamine use is associated with increased hospital admissions, treatment admissions, and arrests (Dobkin and Nicosia, 2009) . In some countries, the perception of problems associated with the abuse (The terms 'abuse' and 'dependence', as they are used throughout this review, conform to the Diagnostic and Statistical Manual of Mental Disorders 4th Edition (DSM-IV-TR) and International Statistical Classification of Diseases and Related Health Problems (ICD-10) definitions of substance abuse and dependence. DSM-IV-TR and ICD-10 terminology are used to avoid the use of pejorative words and terminology that have multiple meanings.) of amphetamine has become so worrisome that drastic measures have been taken.
In response to reports of precipitous increases in methamphetamine abuse, in 1996 the government of Thailand banned all uses of amphetamine, including those for medical purposes (Pilley and Perngparn, 1998) . Other governments have also taken steps to restrict legal uses of amphetamine, although most have not been as extreme as those taken in Thailand. For example, in the United Kingdom and New Zealand, while d-amphetamine remains available for medical purposes, any use of methamphetamine (including medical use) has been banned.
There are several amphetamines used recreationally, including d-amphetamine, methamphetamine, 3,4-methylenedioxyamphetamine, and 3,4-methylenedioxymethamphetamine. Of these compounds, methamphetamine has generated the greatest amount of concern. Indeed, periodically there are statements in the scientific and popular literature attesting to methamphetamine's greater potency and 'addictive' potential, relative to other amphetamines. Such statements, however, are inconsistent with data collected in humans, which show that d-amphetamine and methamphetamine produce nearly identical physiological and behavioral effects (eg, Martin et al, 1971; Sevak et al, 2009; Kirkpatrick et al, in press a) . One reason for the unfounded beliefs about the drugs might be related to the fact that methamphetamine is more readily available on the illicit market owing to its apparent easier synthesis. A quick search of the Internet can provide the surfer with dozens of 'How to make meth' recipes within minutes. According to these recipes and law enforcement personnel, methamphetamine can be 'easily' made from a few common products, the most important of which is the over-thecounter cold medication, pseudoephedrine. As a result, it is not surprising that methamphetamine is the most frequently abused amphetamine.
Methamphetamine abuse is associated with multiple deleterious medical consequences, including paranoia mimicking full-blown psychosis (Grelotti et al, 2010) and hypertensive crisis leading to stroke (Ho et al, 2009) . While serious, such cases are rare, and entail the long-term use of extremely large doses. A more commonly described unfavorable effect associated with methamphetamine abuse is extreme tooth decay ('meth mouth'). Several reports describing this phenomenon have appeared in the scientific literature (for a review, see Hamamoto and Rhodus (2009) ). In general, researchers conclude that methamphetamine restricts salivary flow leading to xerostomia (dry mouth). Because xerostomia can increase the likelihood of plaque and dental caries (tooth decay), this condition might underlie the dramatic pictures of 'meth mouth' seen in the popular media. Xerostomia is a relatively common side effect associated with many widely used medications, including the popular antidepressant Duloxetine (Cymbalta) and the ADHD medication d-amphetamine (Adderall: combination of amphetamine and d-amphetamine mixed salts). Despite the fact that these medications are used daily and frequently prescribedFeach year both are among the top 100 most prescribed drugs in the United States (Bartholow, 2010) Fthere are no published reports of dental problems associated with their use. Given the structural and pharmacological similarities of methamphetamine and d-amphetamine, this suggests that the phenomenon of 'meth mouth' has less to do with the direct pharmacological effects of methamphetamine and more to do with non-pharmacological factors, ranging from poor dental hygiene to media sensationalism. Indeed, much of the evidence linking methamphetamine abuse and tooth decay is anecdotal; detailed investigations of the impact of methamphetamine abuse on dental health with suitable oral health assessments are lacking (ADA, 2005; Cretzmeyer et al, 2007 ; but see, Shetty et al, 2010) .
Another frequently reported deleterious effect associated with methamphetamine abuse and dependence is cognitive impairment. Unlike the scant literature examining the effects of the drug on dental health, there is a burgeoning amount of information detailing the impact of methamphetamine on cognitive functioning. The dominant view is that illicit methamphetamine use causes a broad range of cognitive impairments (for a review, see Scott et al (2007) ). Important shortcomings of the research perpetuating this perspective have received only limited attention. For example, in many of the studies the performance of methamphetamine abusers did not differ from controls on the majority of cognitive tasks employed. Importantly, although methamphetamine abusers performed significantly worse than controls on some cognitive tasks, their performance remained within the age-and educationmatched normal range. Furthermore, previous discussions of the impact of methamphetamine-related effects on human cognition have neglected data from research assessing the immediate effects of the drug on cognitive performance. These studies can provide crucial complementary information because they assess cognitive performance immediately before and after administration of the drug. The rationale for this approach is that if methamphetamine produces cognitive deficits, one might predict that methamphetamine-induced disruptions would be observed following acute administration of large doses.
This article addresses an important gap in our knowledge by providing a critical review of findings from recent research investigating the impact of recreational methamphetamine use on human cognition. The discussion of methamphetamine on cognition is divided into three main categories: (1) the acute effects that occur shortly after the drug has been administered and are assessed while the drug is still in the body; (2) the long-term effects of repeated use that are typically assessed when the drug is no longer in the body; and (3) finally, relevant neuroimaging data will be evaluated in an effort to shed light on the neural mechanisms underlying methamphetamine-related effects on cognitive functioning. The review begins with a brief overview of methamphetamine neuropharmacology.
Methamphetamine Neuropharmacology
Over the past several decades, data from basic research have contributed to an increased understanding of neuronal mechanisms involved in the effects of amphetamine, including methamphetamine. A comprehensive review of amphetamine neuropharmacology is beyond the scope of the current article, and excellent reviews already exist (eg, Sulzer et al, 2005; Fleckenstein et al, 2007) . Nonetheless, a brief overview will provide insight into the neurotransmitters involved in the actions of amphetamine. As can be seen in Figure 1 , amphetamine-related drugs bear a striking resemblance to the catecholamine neurotransmitters dopamine (DA) and norepinephrine (NE). The structural similarities between amphetamine and catecholamine neurotransmitters provide clues about the drugs' mechanisms of action.
Multiple lines of evidence demonstrate that amphetamine causes release of monoamines from the neuronal cytosol via plasmalemmal uptake transporters, particularly the DA transporter (DAT), the NE transporter, and the serotonin (5-HT) transporter, an action often called 'reverse transport.' Although the actions of amphetamine on these transporters are generally comparable, most of the published research has focused on the DAT because it has been most often implicated in the reinforcing effects of this class of drug. Therefore, the discussion of plasmalemmal transporters herein focuses on the DAT. Raiteri and co-workers (1979) provided early evidence suggesting that amphetamine increased DA release via a DAT mechanism when they showed that amphetamineinduced DA release was prevented by nomifensine, a DAT inhibitor. Subsequently, Zaczek et al (1991a ,b) used rat brain synaptosomes to demonstrate active uptake of amphetamine by DAT. Strong support indicating that amphetamine analogs are substrates for the DAT came from a report by Sonders et al (1997) , who used electrophysiological recording techniques to show that amphetamine elicited DA-like transporter-associated currents. Others replicated these findings (eg, Sitte et al, 1998) , so that the evidence that amphetamine is accumulated by monoamine transporters is now quite strong. It is widely thought that amphetamine is selectively transported into cells and somehow causes DA, which normally is also taken up by these transporters, to be transported out. Although this is believed to occur because amphetamine changes the conformation of the transporters to favor reverse transport, the means by which this occurs are still unknown. Moreover, amphetamine blocks DA reuptake (Schmitz et al, 2002) , illustrating that the actions of amphetamine are complex.
Another mechanism through which amphetamine causes DA release is by disrupting the activity of the vesicular monoamine transporter-2 (VMAT-2). One prominent perspective is that amphetamine administered in larger doses gains access to the neuron through the DAT and diffusion; once in the cell, it diffuses through the vesicular membrane and accumulates in vesicles, which disrupts the pH gradient required for vesicular DA sequestration, an action termed 'the weak base hypothesis.' However, amphetamine is also a VMAT-2 substrate, so that some of the drug is actively accumulated in the vesicles, and as with the DAT, acts as a competitive inhibitor and further disrupts the pH gradient. In any case, these actions cause DA to accumulate in the cytoplasm (Mosharov et al, 2009) , which alters the concentration gradient and likely helps favor the reverse transport of DA via the DAT (for a review, see Sulzer et al (2005) ).
An accumulating amount of evidence shows that amphetamine, when administered repeatedly in large doses, promotes the formation of reactive oxidative species. Following release of DA, the neurotransmitter is inactivated by monoamine oxidase-catalyzed oxidative deamination and may also undergo autoxidation. Both of these pathways have been shown to generate reactive oxidative species. Hence, abnormally enhanced DA activity has been hypothesized to produce an increased formation of oxidative stress and thereby cause cell injury (Cadet and Krasnova, 2009 ). This effect is particularly prominent within the cell cytosol. This, in turn, could lead to persistent deficits in dopaminergic functioning. Several researchers have found that large doses of methamphetamine, for example, decreased striatal DA content, DAT density, and the activity of tyrosine hydroxylase (DA rate-limiting enzyme) in laboratory animals (Cadet and Krasnova 2009) .
This knowledge has raised concerns about the potential deleterious central nervous system consequences of methamphetamine abuse in humans, in part, because DA-rich areas subserve a wide range of important human functions ranging from movement to learning and memory. Indeed, a substantial database collected in laboratory animals suggests that acute and long-term administration of amphetamine produces disruptive effects in several cognitive domains (for a review, see Marshall et al (2007) ). There is, however, an important limitation associated with many of these studies when extrapolating the findings to humans: the dosing regimens used did not capture key elements of human recreational amphetamine use, specifically gradual dose escalation. Typically, investigators administered large bolus doses of methamphetamine repeatedly for one or more consecutive days to drug-naïve animals, whereas human recreational drug users usually increase their doses gradually over time as their drug use progresses. This difference is not trivial because the deleterious neurobiological and behavioral changes that occur in response to repeated large doses of methamphetamine can be prevented with previous exposure to several days of escalating doses (Segal et al, 2003; O'Neil et al, 2006; Belcher et al, 2008) . Given this situation, it is critically important to employ more ecologically relevant models in future animal studies investigating the impact of amphetamine use on cognitive functioning. These issues underscore the importance of carefully assessing cognition in human recreational methamphetamine users.
Review of the Acute Effects of Methamphetamine on Cognition
The influence of methamphetamine on cognitive functioning is highly dependent on the neurotransmitters and brain structures that are impacted by the drug. As noted above, acutely, methamphetamine causes a release of the monoamines DA, NE, and 5-HT. These neurotransmitters are produced in neurons located in the midbrain and brainstem and project widely throughout the brain. For example, DA is produced in both the substantia nigra and the ventral tegmental area (VTA). The substantia nigra sends projections to the dorsal striatum (caudate-putamen), and damage to this pathway has been implicated in Parkinson's disease. This pathway is also thought to play a crucial role in feedback-based reward learning (Shohamy et al, 2008) . The VTA projects to the ventral striatum (nucleus accumbens and olfactory tubercle) and limbic structures and has been implicated in reward-related behaviors (Hyman et al, 2006) . In addition, the VTA sends projections to the prefrontal cortex, which is known to play a role in a wide range of cognitive functions, including attention, inhibition, and working memory. Thus, it is possible that optimal levels of dopaminergic activity, that is, the amount produced by low to moderate oral doses of amphetamine, might actually improve functioning in some cognitive domains, including visuospatial perception, attention, and inhibition. Conversely, excessive dopaminergic activity, that is, the amount produced by large amphetamine doses administered repeatedly, might result not only in neurotoxic effects, but also might produce deficits in the abovementioned cognitive domains.
Effects of methamphetamine on performance of infrequent stimulant users. To better understand the direct pharmacological effects of methamphetamine on cognitive functioning, researchers typically assess performance immediately before, and repeatedly after, drug administration. Table 1 summarizes the studies that have evaluated the acute effects of methamphetamine on various domains of human cognition. These double-blind laboratory studies employ carefully controlled, within-participant designs, during which participants: (1) complete a baseline cognitive battery; (2) are administered a methamphetamine dose (ranging from placebo to 50 mg); and (3) are reassessed on the cognitive battery at predetermined time points for several hours after drug administration. In an earlier investigation of this type, Hart et al (2002) conducted an outpatient study in which participants who reported infrequent use of stimulants were administered oral methamphetamine (0, 5, 10, and 20 mg) and performance in various cognitive domains was assessed over the course of several weeks. Before beginning the study, participants received extensive training on the cognitive battery so that the tasks were well learned and performance was stable before any drug administration. The battery assessed performance in the domains of visuospatial perception, inhibition, long-term memory, and learning. It also included a measure of response speed (simple reaction time). Methamphetamine improved performance in the domains of learning and memory, visuospatial perception, and response speed; no drug-related disruptions were noted. These findings are consistent with data from investigations that have studied similar doses in individuals with limited stimulant drug experience (eg, Johnson et al, 2000; Silber et al, 2006; Marrone et al, 2010; Kirkpatrick et al (in press b) , although there were no effects on any cognitive domains in a few studies (Comer et al, 2001; Hart et al, 2001; Sevak et al, 2009 ).
Effects of methamphetamine on performance of methamphetamine abusers. Although the above observations are congruent with the use of oral methamphetamine in the treatment of ADHD, a largely cognitive disorder characterized by deficits in attention and inhibition, they appear to be inconsistent with the view that methamphetamine causes disruptions in a range of cognitive functions. It is conceivable that the lack of acute methamphetamine-related disruptive effects on cognitive functioning in the studies described above may be related to the research participants studied and/or to the doses and route of drug administration examined. In the natural setting, for example, methamphetamine abusers' dose selection may not be guided by clinical recommendations and often exceeds doses tested in the laboratory. In addition, all of the above studies investigated the effects of methamphetamine administered orally, a route least often associated with drug abuse and toxicity in the natural setting, to non-drug abusers. Route of administration is a critical determinant of neurochemical consequences associated with stimulant administration, in part because neurochemical effects depend on the rate of the rise of drug concentrations and the maximum drug concentrations achieved (Gerasimov et al, 2000) . Thus, it is possible that methamphetamine administered to abusers in larger doses and via routes other than oral, for example, intranasal or intravenous, might produce more disruptive effects on cognitive functioning. Towards this end, we examined the impact of a range of intranasal methamphetamine doses, including doses larger than those previously investigated (0, 12, 25, and 50 mg/ 70 kg), on the cognitive functioning of methamphetamine abusers . All active methamphetamine doses improved reaction time and sustained attention, but only the two intermediate doses (12 and 25 mg) significantly improved visuospatial perception. Importantly, methamphetamine-induced disruptions were not observed in any cognitive domain. These findings are similar to those from the few other intranasal studies, during which methamphetamine (12 mg) enhanced metacognition (knowledge about the efficacy of one's own actions: Kirkpatrick et al, 2008) Fand (10, 20 mg) improved visuospatial perception (Rush et al, 2011) . Similar results have been reported when the drug was administered intravenously to methamphetamine abusers (Johnson et al, 2005 (Johnson et al, , 2007 . Anecdotally, methamphetamine is sometimes abused in a binge pattern (multiple doses administered repeatedly) at doses larger than those studied thus far (eg, Cho et al, 2001 ). Thus, it is possible that cognitive functioning would be disrupted, and not enhanced, following larger methamphetamine doses administered repeatedly. It is important to note, however, that methamphetamine doses tested in the studies described above are well within the range typically used by recreational users to produce euphoria and other desired effects. Nonetheless, future studies evaluating the effects of repeated methamphetamine administration on cognitive functioning are best suited to resolve this issue.
Review of the Long-term Effects of Methamphetamine on Human Cognition
Data from a growing number of laboratory studies have demonstrated that low and moderate doses of methamphetamine improve cognitive functioning in some domains, even when the drug is administered via routes associated with abuse. The impact of larger drug doses administered repeatedly over extended periods is less clear owing to ethical considerations that limit drug exposure during participation in laboratory studies. An alternative approach to determining possible detrimental effects of large methamphetamine doses on cognitive performance has been to study the brain and cognitive performance of abstinent long-term methamphetamine abusers. The idea is that regular use of illicit methamphetamine via routes other than oral administration over several years may result in neurotoxic effects, especially to monoamine neurons, which can have deleterious consequences on cognitive functioning. Below, we review studies that have: (1) combined brainimaging techniques with some cognitive tasks in an effort to correlate methamphetamine abusers' cognitive functioning with brain structure integrity and/or activity; and (2) employed comprehensive neuropsychological batteries to investigate methamphetamine abusers' cognitive functioning. We also include the few studies that have used positron emission tomography (PET) imaging (without testing any cognitive task) to investigate methamphetamine abusers' brain structure integrity and/or activity, because these studies have the potential to provide more specific information about methamphetamine-related DA neurotoxicity. A caveat to this statement is that dopaminergic neuronal toxicity cannot be definitely determined in PET studies alone, as changes in tracer binding may reflect adaptation and not toxicity. (Studies that included HIV + individuals were excluded in an effort to minimize the impact of potentially confounding variables.)
PET studies investigating DAT and DA receptor availability of abstinent methamphetamine users. Because there are ample data collected in laboratory animals demonstrating that large repeated methamphetamine doses decrease several DA markers, including DAT density (eg, Cadet and Krasnova 2009), some have reasoned that longterm methamphetamine abuse by humans should produce a reduction in DAT density and DA receptor availability. Table 2 summarizes the studies that have used PET to assess differences in DAT and DA receptor availability when abstinent illicit methamphetamine users were compared with control participants. In one of the first studies of this type, McCann et al (1998) conducted a PET study using [ 11 C]WIN-35428, a DAT ligand, to evaluate whether differences exist in striatal DAT density of methamphetamine users when compared with multiple other groups. Four groups of participants were studied: methamphetamine users (N ¼ 6); methcathinone users (N ¼ 4); Parkinson's disease patients (N ¼ 3); and controls (N ¼ 10). Methamphetamine users reported being abstinent for an average of 32±22 (±SD) months before their study participation. Despite this extended period of abstinence, methamphetamine participants (as well as methcathinone users and Parkinson's disease patients) had significantly lower [ 11 C]WIN-35428 binding potentials in both the caudate nucleus and putamen compared with control participants. It should be noted, however, that there was considerable overlap in the binding potentials of methamphetamine participants and control group individuals, that is, binding potential values for some methamphetamine users were equal to or higher than those of some individuals in the control group. Other caveats associated with this study included the small number of participants studied and the inability to control for the influence of other recreational drug use, that is, all methamphetamine participants reported using additional illicit drugs, making it impossible to isolate methamphetamine-induced effects on DAT availability.
In an attempt to minimize the impact of other illicit drug use, Sekine et al (2001) conducted a similar PET study in which Japanese methamphetamine users without other illicit drug-use histories (N ¼ 11) were compared with a matched control group (N ¼ 9). In general, their data were consistent with those obtained by McCann et al (1998) in that striatal DAT binding potentials were approximately 20% lower in methamphetamine users than in control participants. These findings suggest that the differential binding potential values obtained in the two studies were not attributable to other illicit drug use; both groups of researchers argued that the data lend support to the view that chronic illicit methamphetamine use produces persistent reductions in human DAT density that may be related to damage of striatal DA axons and axon terminals. Furthermore, these as well as other investigators Cognitive performance: k, MA users performed more poorly than controls; 2, MA users and controls performed equally. Brain activity: k, decreased activity in MA users; m, increased activity in MA users; 2, no difference in activity between MA users and controls.
(eg, Volkow et al, 2001b) have suggested that lower DAT density contributes to clinical pathology (eg, cognitive impairments, psychotic symptoms) reported to be associated with long-term methamphetamine use. Although interpretations from both studies are tempting, their generality or clinical importance remain uncertain owing to a few important limitations. For example, both studies evaluated only a small number of participants. More importantly, however, it is unclear whether an approximately 20% difference in DAT density, as measure with conventional PET-imaging techniques, is within the normal range of human variability or whether this difference is associated with alterations in cognitive functioning. In other words, the clinical relevance of such findings is impossible to determine because cognitive functioning was not assessed. The point here is not to give precedence to behavioral over neuroimaging data, but to emphasize the need to include relevant functional outcomes that allow us to understand the consequences of the neural activity. Without behavioral measures, we may be enticed to make unwarranted speculations about the neural basis of behavior.
Addressing some of the shortcomings of previous investigations, Johanson and co-workers (2006) conducted a PET study that did include cognitive assessment. This group of researchers used an extensive cognitive battery to compare functioning of abstinent methamphetamine abusers (N ¼ 16) with control participants (N ¼ 18). They used [ 11 C]methylphenidate and [ 11 C]dihydrotetrabenazine to determine striatal levels of DAT and VMAT-2, respectively. They found that although striatal DAT and VMAT-2 binding potentials were 10-16% lower in methamphetamine users, cognitive performance on the majority of tasks was not significantly different. Neither neuroimaging nor cognitive data were correlated with methamphetamine abstinence duration. Methamphetamine users did, however, perform more poorly than controls on tasks that tapped the domains of sustained attention and immediate and longterm memory. Importantly, though, the methamphetamine users' performance remained within the normal range for their age and educational group. The authors appropriately concluded that while their imaging data showing differences between abstinent long-term methamphetamine users and controls were consistent with previous investigations (eg, McCann et al, 1998; Volkow et al, 2001b; see also, Boileau et al, 2008) , the functional significance of these differences might be limited because methamphetamine users' performance on most tests was equal to controls and no relationship between the imaging data and cognitive deficits was observed. While the number of participants studied was larger than that examined in most previous PET studies, it is possible that greater numbers are necessary to observe clinically meaningful cognitive impairments.
Another point relevant to the above discussion is that the conclusions drawn by Johanson et al (2006) appear to conflict with those of a similar subsequent study. McCann et al (2008) found that methamphetamine users exhibited significantly lower DAT binding (13-23%), poorer performance on a minority of cognitive tasks (tasks measuring attention and long-term memory), and no relationship between duration of abstinence and neuroimaging results or cognitive performance. These data are in agreement with the findings of Johanson et al (2006) 2008) interpreted their data as evidence demonstrating a connection between recreational methamphetamine use and pathology. Given that the data alone do not contradict each other, the apparent incongruence in conclusions drawn centers on the interpretations of the cognitive findings obtained.
Recognizing this distinction between results and interpretation of results, we can now highlight a prevalent concern throughout the body of scientific literature investigating methamphetamine-associated effects on human cognition. If we limit our focus to cognitive performanceFthe behavior of interest hereFwe can see that control subjects outperformed methamphetamine users on a few tasks in both studies. The clinical implications of such differences, however, are nearly impossible to determine without knowledge of the expected performance for a particular group, taking into account group members' age and education (ie, normative data). While Johanson et al, interpreted their cognitive findings within the context of these important constraints, McCann et al provided no such comparative information, which makes it difficult to evaluate the clinical import of neurocognitive differences. When we compared the cognitive performance mean scores of the methamphetamine users in the McCann et al study, with normative scores, none of the former were outside of the normal range. Even scores obtained on measures that showed statistically significant differences between methamphetamine users and controls were within the normal range. This observation not only calls into question the clinical significance of the cognitive differences observed in the McCann et al study, but it also underscores the importance of interpreting cognitive findings within the range of performance for age-and education-matched controls. Otherwise, we run the risk of stigmatizing individuals, which could have debilitating consequences.
The preceding point is worth elaborating. The literature on methamphetamine use is focused on 'impairment,' and seems to conflate two different meanings of this term. One meaning is captured by the canonical situation in which one group of participants performs statistically significantly less well on a task than does a control group. Although there is a statistically significant difference, its clinical relevance, or everyday import, is rarely specified. A second meaning of 'impairment' is that of a substantial loss of function, a dysfunction, in which performance may even fall outside of normal range and bears clinical significance. (The two meanings probably represent end points on a continuum of meanings of 'impairment' that appears in the general literature on group differences.) The problem in the literature on methamphetamine use is that in many studies the results support only the first or difference interpretation, but the results are discussed in terms of the 'dysfunctional' interpretation. In essence, the English word 'impairment' (or 'deficit') is ambiguous, and researchers in this field often switch meanings in moving from actual findings to discussion of the implications of these findings.
PET studies investigating brain metabolism of abstinent methamphetamine users. Other researchers have used PET imaging to evaluate brain glucose metabolism in abstinent methamphetamine users while they perform some cognitive task. Because all neurons use blood glucose for their energy, this strategy provides an indirect measure of neuronal activity. Table 2 summarizes the studies that have used this approach to compare regional brain activity of methamphetamine users with that of control participants. The majority of these studies have found some differences between the groups. In one series of studies, London and co-workers used [ 18 F]flurodeoxyglucose (FDG) as the ligand to evaluate recently abstinent methamphetamine abusers and control participants while performing a 30-min auditory continuous-performance or sustained attention task. These investigators reported that the two groups did not differ on task performance, but did differ on measures of relative regional glucose metabolism: methamphetamine abusers exhibited lower metabolism in the anterior cingulate and insula and higher metabolism in other areas, including the amygdala and ventral striatum (London et al, 2004) . These findings provide additional evidence that brain differences observed between methamphetamine abusers and controls may not necessarily reflect cognitive impairments. However, the investigators did find that the methamphetamine users scored higher on Beck Depression Inventory and State-Trait Inventory scales than the controls. Even though these inventories alone are not used diagnostically, this led them to conclude that their findings identify 'brain dysfunction that may underlie affective deficits in methamphetamine abusersy . ' There are at least two concerns associated with this conclusion. First, it is impossible to state with any degree of certainty that increased or decreased relative regional glucose metabolism in a particular brain region is 'dysfunctional,' especially without knowledge of the normal range of functioning. Again, the results show that there is a difference, but the interpretation goes beyond that to posit a dysfunction. This point is even clearer when it comes to the finding that methamphetamine users had higher Beck Depression Inventory and State-Trait Anxiety Inventory scores than the control group. The mean scores for methamphetamine users on these inventories did not approach the clinically significant range, for example, methamphetamine users did not approach the threshold for clinical depression. Here, we have a clear case of difference that does not meet an accepted standard of clinical dysfunction. This case illustrates the propensity to interpret any brain difference as pathology, even when there are no differences on functional outcome measures (the cognitive measure) or there are differences (the affective scales), but the clinical importance of the differences is unclear.
In subsequent studies, differences in cognitive functioning, as well as brain glucose metabolism, have been noted (eg, London et al, 2005; Kim et al, 2005) . In one recent study, Kim et al (2009) compared abstinent Korean methamphetamine abusers (N ¼ 24) with control participants (N ¼ 21) and reported that methamphetamine users had significantly lower inferior frontal cortex resting activity. Further, the methamphetamine users performed markedly worse on the Wisconsin card sorting task (WCST), which is a measure of set-shifting (or cognitive flexibility), attention, and inhibition. However, performance on the WCST was not correlated with brain activity. Hence, the researchers' conclusion that their findings provide evidence of 'frontal abnormalities' and 'executive dysfunction' in methamphetamine abusers is somewhat misleading. In addition, there is the usual caveat that it is critically important to interpret cognitive functioning data within the constraints of the larger normative data set. Otherwise, it is difficult to make definitive statements about the functional significance of the data. Kim et al (2009) did not report this type of comparison in their study, perhaps, in part, because there are no published Korean norms for the WCST. For these reasons, speculations about 'frontal executive dysfunction' in the methamphetamine users studied seem unwarranted.
The Kim et al (2009) study raises two other issues. First, it is inappropriate to conclude that individuals who perform more poorly than controls on the WCST have 'executive deficits' (which include deficits in attention, inhibition, and working memory). Performance on multiple tasks, which assess the same domains, should be evaluated before making such claims because individual tasks may tap slightly different components of the domain of interest (ie, the measures must be functionally validated in advance). Thus, there is a lack of construct validity here, which to some extent is true of other studies that include only a single task to measure a cognitive domain. Second, there may be many reasons for poor relative task performance in Kim et al (2009) . One potential explanation for the findings could be related to educational level. Control participants had a significantly higher level of education than methamphetamine users, and individuals with more education have been demonstrated to outperform those with less education on the WCST (Boone et al, 1993; Heaton et al, 1993) .
In general, studies using PET imaging have produced inconsistent results. Some data demonstrate DAT binding potential, DA receptor availability, and brain glucose metabolism differences between abstinent methamphetamine users and control participants. Several researchers have found lower striatal DAT and DA D 2 receptor levels in long-term methamphetamine users, although there is considerable overlap between methamphetamine users and control participants. In addition, some reports suggest extended abstinence increases methamphetamine users' DAT levels (Volkow et al, 2001d) , but others failed to observe similar findings (McCann et al, 2008) . Despite this, duration of abstinence appears to have little effect on cognitive performance (eg, Volkow et al, 2001d; Johanson et al, 2006; McCann et al, 2008) . While findings from brain glucose metabolism studies indicate that methamphetamine users, in comparison with control participants, display a different pattern of activity in some regions, many of these differences have not been replicated by independent groups of researchers. For example, Volkow et al (2001a) found that methamphetamine users had higher absolute regional cerebral glucose metabolism, whereas London et al (2004) reported that methamphetamine users and controls did not differ on this measure. As usual, evidence of the impact of the observed brain differences on cognitive functioning appears to be limited. In the few studies that have included a comprehensive cognitive battery, methamphetamine users perform similarly to controls on the vast majority of tasks, and even on tasks in which significant group differences were noted, methamphetamine-using individuals' performance was within the normative range for their age-and education-matched cohort (eg, Johanson et al, 2006) . Moreover, in the majority of studies, methamphetamine users reported extensive use of other psychoactive drugs, while comparison groups reported only limited drug use (see Table 2 ). This makes it extremely difficult to disentangle methamphetamine-related effects on cognitive functioning from those of other drugs. Despite these important caveats, the PET-imaging literature is replete with a general tendency to characterize any brain and/or cognitive performance differences as dysfunctions unique to methamphetamine users.
MRI studies investigating brain structure sizes of abstinent methamphetamine users. As seen in Table 3 , a growing number of investigators have used magnetic resonance imaging (MRI) procedures combined with cognitive testing to understand the impact of long-term recreational methamphetamine use on cognitive functioning. One advantage of MRI, relative to PET, is that MRI provides high-resolution images of brain structure sizes and thickness. The use of MRI is also less invasive; unlike PET, it does not require the injection of radioactive compounds. In one of the most highly cited scientific articles in this area of research (also featured in The New York Times, 20 July 2004: see Blakeslee (2004)), Thompson and co-workers (2004) used MRI to compare brain structure volume and cognitive performance of methamphetamine-dependent individuals (N ¼ 22) with control participants (N ¼ 21). They found that, relative to controls, methamphetamine users had lower gray matter volumes in the right cingulate gyrus (À11.3%) and hippocampal region (À7.8%), although no differences were observed in total cerebral or total gray matter volumes. In contrast, total white matter volumes ( + 7.0%) and right lateral ventricles ( + 25.2%) were greater in the methamphetamine users. The four cognitive tasks administered involved only long-term memory (ie, wordand picture-recall and word-and picture-recognition), and only performance on the word-recall task was positively correlated with hippocampal volume. Further, there was no data comparing methamphetamine users with controls on any memory task. Yet, the investigators concluded that 'ychronic methamphetamine abuse causes a selective pattern of cerebral deterioration that contributes to impaired memory performance. ' This interpretation clearly goes far beyond the data. First, brain images were collected at only one time point for both groups of participants. This makes it virtually impossible to determine whether methamphetamine caused 'cerebral deterioration,' as pre-existing differences between the two groups of participants cannot be ruled out. Furthermore, the functional significance of the structural differences is in doubt. Based on the limited cognitive results presented, it appears that the brain structural size differences were not predictive of overall memory performance. The only statistically significant cognitive finding was a correlation of hippocampal volume and performance on one of the four tasks. This finding is the basis for the claim that methamphetamine users had memory impairments, because the hippocampus is known to play a role in some long-term memory; however, other neural areas are also involved in mediating long-term memory (eg, overlying temporal neocortex), and one of them could have been the critical mediator of performance in this study. Another pertinent issue was that control participants had markedly higher levels of schooling than methamphetamine users (15.2 vs 12.8 years, respectively); it is well established that educational level modulates long-term memory (Mitrushina et al, 2005) . In light of these considerations, it is somewhat disconcerting that the results from the study were construed as findings of pathology rather than preliminary evidence of group differences that appear to have limited or doubtful functional significance.
Another line of research aimed at understanding the impact of methamphetamine use on cognition and brain functioning is the use of perfusion MRI to determine regional cerebral blood flow. Chang and co-workers (2002) evaluated 20 abstinent methamphetamine abusers and 20 control participants with this procedure and assessed their cognitive performance using an extensive neuropsychological test battery. Although the groups did not differ on global measures of brain volumes or cerebrospinal fluid, methamphetamine users were reported to have lower relative regional cerebral blood flow bilaterally in the putamen/insular cortices (BÀ11%) and in the right lateral parietal cortex (À11%). In contrast, the methamphetamine users were found to have greater relative regional cerebral blood flow in the left temporoparietal white matter ( + 13%), the left occipital brain region ( + 10%), and the right posterior parietal region ( + 24%). When methamphetamine users' cognitive performance was compared with age-and education-matched normative data, their performance was within the normal range for all tasks, including those assessing attention and long-term memory, as well as those reflecting psychomotor speed, fine motor speed (Grooved pegboard), and gross motor functioning (Timed gait). On an additional test battery (customized California Computerized Assessment Package: CalCAP), methamphetamine users, relative to controls, exhibited slower reaction times on some tasks, although task accuracy was overwhelmingly similar. As a result of these findings, Chang et al (2002) concluded that methamphetamine users 'not only had cerebral perfusion abnormalities, but also demonstrated cognitive deficits.' They further noted that the imaging technique used appeared to be a more sensitive measure for detecting brain function abnormalities.
Such conclusions are puzzling. The conclusion that methamphetamine users had cognitive deficits was based primarily on the reaction time, not the accuracy, of the results obtained during some CalCAP tasks, which suggest a motor slowing, rather than cognitive deficits. Furthermore, there are problems in interpreting differences. As noted earlier, if one wants to determine whether an individual's performance is normal, a fundamental requirement is that the performance has to be compared against a normative score, taking into consideration the individual's age and level of education. To avoid misinterpretations (such as overpathologizing), normative data are imperative because they allow us to take into account the relative contribution of age and education in terms of the individual's score and adjust the score accordingly. With regard to CalCAP performance in the study by Chang et al (2002) , this was not done, and the range of normative scores was not presented. Similarly, the brain-imaging results obtained in Controls had higher levels of education Only one cognitive measure included and there are no normative data set for which the data can be compared, which makes it difficult to determine the clinical importance of findings The influence of drug use other than MA not controlled Small number of participants studied methamphetamine users were not compared with normative data, which again limit speculations about abnormalities. Yet, it was suggested that the modest observed brain-imaging differences provided a more sensitive measure of brain function abnormalities. This interpretation seems particularly inappropriate in light of the fact that methamphetamine users' overall cognitive performance (a crucial measure of brain functioning) was nearly identical to that of the control group. A different MRI technique used to study methamphetamine users is diffusion tensor imaging (DTI), which can be used to assess brain white matter integrity and to localize focal lesions respective to major white matter tracts. The most frequently used dependent measures derived from DTI scans are: (1) fractional anisotropy, a measure of the directionality of diffusion; and (2) apparent diffusion coefficient, a measure of the magnitude of the diffusion. Using this method, Salo et al (2009a) compared brain activity during Stroop task performance in methamphetamine abusers (N ¼ 37) and control participants (N ¼ 17). They found that the groups did not differ on any of the quantitative parameters derived from DTI or the number of errors made on the Stroop task. The only statistically significant difference obtained was that methamphetamine users performed more slowly on the Stroop task than the controls. However, this effect was no longer significant when participants' National Adult Reading Test scores were included as a covariate in the analysis. Longer response times on the Stroop task were significantly correlated with lower fractional anisotropy values in the genu of corpus callosum, but there was no interaction with group, that is, whether or not the participant was a methamphetamine user had no effect on the correlation. Similarly, duration of methamphetamine use or length of methamphetamine abstinence were not significantly correlated with any of the DTI measures. Despite the study's limitations (see Table 3 ) and modest findings, it was concluded that 'disruption of neural function in the rostral ACC (anterior cingulate cortex) and adjacent WM (white matter) produces a disruption in the pathways that are involved in behavioral regulation' (Salo et al, 2009a) . For many of the same aforementioned concerns, a more tempered interpretation of the collected data would appear to be in order.
Functional MRI (fMRI) has also been used to study longterm methamphetamine abusers. Functional MRI reflects brain blood flow and other factors, and its signal increases when neurons become more active. In this way, fMRI can provide an indirect measure of neural activity. For example, Salo and co-workers (2009b) employed fMRI to image brain activity of methamphetamine users (N ¼ 12) and control participants (N ¼ 16) while they completed a Stroop task. Although no group differences were observed on task accuracy, the methamphetamine users, unlike the controls, did not show trial-to-trial reaction time improvements. This effect corresponded with reduced activation in the right prefrontal cortex of methamphetamine users, which led the investigators to conclude that their 'data provide preliminary evidence that methamphetamine abuse is associated with deficits in behavioral regulation associated with abnormal prefrontal cortex activationy .' Again, this seems to be an overinterpretation of modest results. As noted before, meaningful group differences should be observed on multiple measures of a particular cognitive domain (attention and inhibition in the case of Stroop) before making assertions about deficits in this domain. Also, again the only difference obtained in this study was that methamphetamine users performed the task more slowly than their nondrug-using counterparts, although their accuracy rates were equal, which is consistent with response slowing rather than a cognitive deficit. Similarly, prefrontal cortex activation in the methamphetamine users was said to be 'abnormal,' but the range of normal human activation was not presented or discussed.
Overall, MRI observations are consistent with data from PET studies in that several brain-imaging differences have been noted between methamphetamine users and controls, but few of these findings have been independently replicated. Unlike PET studies, where the focus, for the most part, has been appropriately limited to monoaminerich brain areas, fMRI studies do not appear to have a consistent rationale for targeting regions of interest. With regard to cognitive functioning, few statistically significant differences have been observed between methamphetamine users and control participants. Even when differences were found, it is difficult to contextualize their functional significance because frequently they are not correlated with methamphetamine-use indicators (eg, duration of abstinence, duration of methamphetamine abuse, frequency of methamphetamine use) and they are often not compared against normative scores.
Comprehensive neuropsychological testing of abstinent methamphetamine abusers. A major weakness associated with much of the neuroimaging literature is that most studies have included limited cognitive testingFonly one or two cognitive domains are assessed, and each by only a simple task. This makes it extremely difficult to draw conclusions about the clinical significance of the data collected. To address this concern, as is shown in Table 4 , some researchers have focused their efforts exclusively on assessing cognitive functioning of methamphetamine users in comparisons with control participants. Typically, abstinent methamphetamine abusers and controls complete a comprehensive battery of neuropsychological testing over the course of several hours, and the results are compared to determine whether or not the cognitive performance of the methamphetamine groups is normal. Of course, as noted above, normality is a relative concept that should be determined by comparing performance of a targeted group with scores from a normative data set. Although this is a fundamental requirement of neuropsychological testing, it has been frequently ignored in the methamphetamine/ cognition literature.
For example, Simon et al (2002) compared cognitive functioning of 40 methamphetamine abusers with 40 control participants using a standard neuropsychological test battery, which assessed functioning in several areas including attention, working memory, inhibition, long-term memory, and perceptual speed. They found that, compared with controls, methamphetamine-abusing participants performed significantly worse on tests measuring: (1) inhibition (Stroop, WCST); (2) attention and cognitive flexibility (WCST); and (3) psychomotor function and speed. As a result of these statistical differences between the groups, the authors concluded that methamphetamine users were impaired in multiple cognitive domains. Recall our earlier discussion of the ambiguity of 'impairment' and our emphasis on the importance of comparing performance scores of methamphetamine users against normative scores before drawing inferences about the clinical significance of a difference on cognitive tests. The data from the Simon et al, study were not interpreted within these confines. However, when we compared the mean neuropsychological scores of the methamphetamine abusers in the Simon et al study against published normative scores, none of methamphetamine users' scores fell outside of the normal range. Moreover, in a subsequent study, this same group of researchers failed to replicate any of their earlier statistically significant findings (Simon et al, 2010) . Taken together, these observations further emphasize the importance of comparing performance against appropriate normative scores and they also demonstrate the value of having results replicated before making global statements about their clinical importance.
In a similar study (Kalechstein et al, 2003) , the performance of abstinent methamphetamine-dependent individuals (N ¼ 27) and control participants (N ¼ 18) were compared across several cognitive domains including visuospatial perception, attention, inhibition, and response speed. An important strength of this study was that multiple tasks were assessed to determine functioning in a particular domain and published norms were taken into consideration when the study's findings were interpreted. In this way, it was possible to obtain convergent findings and their functional significance could be determined, which would increase confidence in the results and conclusions drawn. The researchers found that methamphetamine users and controls did not differ on most tests (eg, Stroop and Trail MakingFboth measures of attention and inhibition), but a greater proportion of the methamphetamine users were classified as being impaired within a particular domain because their individual score was at least 2 SDs below the mean for published normative data. On average, performance in at least one domain for approximately 7 of the 27 methamphetamine users met this stringent impairment criterion, whereas this number was 2 of 18 for the controls. This indicates that methamphetamine users were more than twice as likely as control participants to be classified as being impaired in at least one domain, which suggests that the scale of impairment in this sample was substantial. A closer examination of the data, however, suggests that this interpretation might be an overstatement. Sample size was relatively small, which increases the likelihood of data distortion. That is, when we look at the number of participants in each group that were determined to be impaired in the domain of working memory, for example, we see that only two control participants (11%) and one methamphetamine user (4%) met this criterion. Cognitive functioning fell within the normal range for the vast majority of study participants, including those dependent on methamphetamine. Also, while several other investigators have reported some differences in cognitive functioning between methamphetamine abusers and controls (eg, Hoffman et al, 2006; Han et al, 2008) , the pattern of effects in the 
CONCLUSIONS
For more than a decade, research investigating the effects of methamphetamine use on human cognition has steadily increased. Diverse methodologies have been employed, including basic human laboratory studies, during which the acute effects of the drug on cognitive performance are assessed, and studies that combine brain imaging with neuropsychological evaluation. In general, the human laboratory data show that short-term, acute methamphetamine improves cognitive performance of both methamphetamine abusers and non-users in some domains, for example, visuospatial perception, sustained attention, and response speed, even when larger intranasal and intravenous doses are tested. Although enhanced cognitive performance was not observed in a few studies, it is important to note that methamphetamine-induced disruptive cognitive effects were not observed and therefore rarely reported. It is possible that if larger doses, administered repeatedly, had been studied, more negative effects on cognition would have been observed. This would not be surprising given that it is true with other psychoactive agents, including the legal recreational drugs, alcohol, and caffeine. Note, however, that most of the doses tested in the laboratory studies were within the range needed to induce euphoria in the natural setting. Nonetheless, a more comprehensive understanding of the acute effects of methamphetamine on cognition would require testing of larger doses. With regard to brain-imaging studies, several researchers have reported neural differences between methamphetamine users and control participants. One consistent PET finding was lower striatal DAT density in methamphetamine users. Data from MRI and fMRI studies also revealed some differences in brain structure volume and integrity, and activity differences, between the groups, but there have been few replications of specific findings among studies. This is a crucial factor to consider when reading studies that purport to have identified regional differences between methamphetamine-using participants and controls because such findings might be spurious and unrelated to methamphetamine use. In addition, despite the fact that most neuroimaging studies included only limited cognitive measures and despite the fact that cognitive functioning of methamphetamine users generally fell within the normal range, researchers frequently interpreted any brain differences as indicative of cognitive pathologies caused by the abuse of methamphetamine.
Studies solely focused on assessing the cognitive functioning of abstinent methamphetamine users are plagued by similar interpretation concerns. That is, even though methamphetamine users' performance overwhelmingly remained within the normal range, most researchers concluded that they showed evidence of global cognitive impairments (the dysfunction meaning of 'impairment'). For example, the findings of Simon et al (2002) led them to warn: The national campaign against drugs should incorporate information about the cognitive deficits associated with methamphetamineyLaw enforcement officers and treatment providers should be aware that impairments in memory and in the ability to manipulate information and change points of view (set) underlie comprehension ymethamphetamine abusers will not only have difficulty with inferencesybut that they also may have comprehension deficitsythe cognitive impairment associated with [methamphetamine abuse] should be publicizedy Such warnings were based on measures that revealed statistically significant differences between methamphetamine users and controls, which alone are insufficient to determine true cognitive dysfunctions. Nevertheless, the apparent methamphetamine abuse-cognitive impairment link has been widely publicizedFnumerous articles have appeared in scientific journals and the popular pressF despite the fact that it is not supported by evidence from research.
IMPLICATIONS
Many researchers in this area begin with the assumption that methamphetamine abusers exhibit cognitive dysfunction, and that their research bears this out. Findings from this review suggest that this assumption should be reevaluated to document the actual pattern of cognitive effects caused by the drug. For example, this prevailing assumption has provided the fuel for a growing number of neuroimaging studies assessing the impact of prenatal methamphetamine exposure. Hopefully, more caution will be exercised when interpreting these findings than was exercised when results were interpreted from studies of infants prenatally exposed to cocaine, who were erroneously and too readily condemned to a life of learning disabilities, psychological disturbances, and crime. From a substance-abuse treatment perspective, it has been suggested that cognitive impairments seen in methamphetamine users have the potential to compromise their ability to engage in, and benefit from, cognitive-behavioral therapy, arguably the most effective treatment (Simon et al, 2002) . Findings from this review argue that such concerns are not warranted. Finally, from a public policy perspective, several governments have taken drastic measures in an effort to limit the use of methamphetamine, in part, because of the perceived pernicious effects the drug has on cognitive functioning. In Thailand, amphetamines are banned for all purposesF including medical. In the United States, methamphetaminerelated violations are punished more harshly than those related to other illicit drugs, with the exception of crack cocaine. It is only recently that penalties associated with crack cocaine violations were reduced. This change came after nearly 25 years of criticism of the law because it was inconsistent with the scientific evidence and it exaggerated the harms associated with crack cocaine use. The monetary and human costs of this misunderstanding are incalculable.
As a final thought, note the parallel here: Many of the claims about methamphetamine-associated cognitive impairments are reminiscent of statements made about crack cocaine more than two decades ago before the empirical evidence was clear. Taken together, these observations lead us to speculate whether we are headed down this path once again.
